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Everyone agrees about how long-term potentiation (LTP) is induced—NMDA receptor activation—
but much remains to be learned about how the increase in the strength of a synaptic connection
between two neurons is expressed. In this issue of Neuron, Kim et al. report a new form of
NMDAR-dependent plasticity that may contribute to LTP: internalization of postsynaptic Kv4.2
potassium channels that mediate transient IA-type outward current in dendrites.An increase in the strength of the excit-
atory connections between principal
neurons is the predominant means by
which an engram is stored during the
learning process. It is widely accepted
that synaptic strength is increased
when strong, temporally correlated
presynaptic activity produces both
glutamate release and a sufficiently
large depolarization of the postsynap-
tic cell’s membrane potential to relieve
the block of the NMDA-type glutamate
receptor (NMDAR) by Mg2+ ions. Ca2+
ions thereby enter the postsynaptic
dendritic spine, and the resulting ele-
vation of the free intracellular Ca2+
concentration triggers a cascade of
enzymatic pathways that ultimately
results in the strengthening of the
synapse. The nature of the change (or
changes) in the connection between
the two cells that is responsible for850 Neuron 54, June 21, 2007 ª2007 Elsthe increase in synaptic strength
remains highly contentious. There is
now overwhelming evidence that an
increase in the number of AMPA-type
glutamate receptors in the postsynap-
tic plasma membrane is induced in
long-term potentiation (LTP) of excit-
atory synaptic transmission, a heavily
studied form of NMDAR-dependent
synaptic plasticity (Malenka and
Bear, 2004). The increase in receptor
number results in a larger depolariza-
tion of the postsynaptic cell in re-
sponse to a given amount of presyn-
aptic glutamate release. There is also
evidence that factors ‘‘downstream’’
of direct synaptic modulation also
contribute to the overall increase in
the strength of a synaptic connection
during learning, such as changes in
the intrinsic ionic currents of the post-
synaptic cell. In this issue of Neuron,evier Inc.Kim et al. (2007) report an exciting
new form of NMDAR-dependent plas-
ticity and suggest that this process
contributes to synaptic potentiation:
internalization of transient A-type out-
ward current mediated by Kv4.2 po-
tassium channels.
The dendrites of pyramidal cells are
endowed with a variety of voltage-
dependent channels that sculpt the
voltage changes induced in the post-
synaptic cell in response to synaptic
activation. One particularly important
dendritic current is the A-type potas-
sium current (IA). This outward current
is activated by even small depolariza-
tions from the cell’s normal resting
membrane potential. It has the bio-
physical characteristic of strong in-
activation. That is, it activates rapidly
in response to depolarization, but the
channels stop passing current within
Neuron
Previewsa few 10s of milliseconds, even when
the depolarization is maintained. IA is
thus a form of transient outward cur-
rent. IA is activated by small EPSPs
and has been shown to limit their am-
plitude and accelerate the time course
of their decay (Hoffman et al., 1997). IA
also limits the backward propagation
of action potentials generated at the
soma into the dendritic tree (Hoffman
et al., 1997) and, at branch points,
the forward propagation of depolari-
zation out of the dendritic branch in
which the excitatory synapse is
located (Cai et al., 2004). Interestingly,
the amount of IA in a given dendrite
increases with distance from the cell
body (Hoffman et al., 1997). Multiple
channel types can mediate A-type
transient outward current, and recent
evidence has established that chan-
nels encoded by the Kv4.2 gene form
the majority of the dendritic IA (Cai
et al., 2004; Chen et al., 2006).
What Kim et al. have discovered is
that the number of Kv4.2 channels in
the plasma membrane of the dendritic
spine is reduced rapidly in response to
NMDAR activation. They expressed
a GFP-tagged Kv4.2 construct in
cultured hippocampal neurons and
observed a strong preferential loca-
lization of the channels in dendritic
spines, a finding corroborated by
immunogold labeling of native Kv4.2
channels in adult rat hippocampal tis-
sue prepared for electron microscopy.
In response to transient stimulation
of NMDARs, Kim et al. observed
that dendritic spines lost significant
amounts of GFP emission, starting
immediately upon stimulation and
continuing for at least 15 min. Other
pre- and postsynaptic markers were
unaffected, however, indicating that
the effect was specific for the Kv4.2
channels. In the absence of further
stimulation, recovery of fluorescence
took 6 hr. Labeling of Kv4.2 channels
at the cell surface with a biotinylated
antibody revealed that NMDAR activa-
tion resulted in the translocation of the
channels from the cell surface to intra-
cellular compartments. The identity
of these compartments, and hence
the fate of the internalized channels,
remains to be determined. Similar
results were obtained in ex vivo hippo-Figure 1.campal slices. If the channels are no
longer present in the plasma mem-
brane, then a reduction in IA can be
predicted. Indeed, whole-cell volt-
age-clamp recording of potassium
currents demonstrated that there was
a decrease in transient outward cur-
rent, whereas noninactivating outward
currents were unaffected.
The authors go on to show that
internalization of Kv4.2 channels in
response to NMDAR activation is
mediated by a clathrin-dependent pro-
cess. When cells were loaded with a
peptide fragment of the protein dyna-
min, which competes with the endoge-
nous dynamin and thereby prevents
dynamin- and clathrin-dependent en-
docytosis, both the loss of Kv4.2-GFP
fluorescence and the decrease in IA
induced by glutamatergic stimulation
were eliminated.
Because the conditions used to in-
duce Kv4.2 internalization resembled
those used to induce LTP, the authors
hypothesized that Kv4.2 internalization
contributes to the expression of LTP.
They first demonstrated that the level
of Kv4.2 expression affects the ampli-
tude of spontaneous miniature excit-
atory postsynaptic currents (mEPSCs)
in a voltage-dependent manner con-
sistent with the properties of the chan-
nels. That is, at membrane potentials
more negative than the resting poten-
tial, the channels are closed, and theNeuron 54overexpression of Kv4.2 channels or
the expression of a dominant-negative
channel has no effect on mEPSC am-
plitude. At membrane potentials just
depolarized to the resting potential, in
contrast, mEPSC amplitude is in-
versely related to the amount of IA.
Dominant-negative Kv4.2 channels
reduce IA and increase mEPSC am-
plitude, whereas overexpression of
Kv4.2 increases IA and reduces
mEPSC amplitude. Using cultured
hippocampal slices, the authors then
demonstrate that induction of LTP
results in a greater increase in EPSC
amplitude when responses are elicited
at60mV than at80mV. Because IA
attenuates EPSCs at 60 mV, they
suggest that the ‘‘extra’’ potentiation
at 60 mV is the result of internaliza-
tion of Kv4.2 channels and the result-
ing decrease in IA.
In summary, Kim et al. propose
a model (see Figure 1) in which strong
correlated excitatory synaptic activity
leads to NMDAR activation, which
then induces within minutes a cla-
thrin-mediated endocytosis of Kv4.2
channels from the dendritic spine. As
a result of this loss of plasma mem-
brane Kv4.2 channels, IA is decreased
in amplitude. The reduction in IA acts in
synergy with the insertion of postsyn-
aptic AMPARs to increase the potenti-
ation of EPSPs at the resting potential
or more depolarized potentials., June 21, 2007 ª2007 Elsevier Inc. 851
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PreviewsThe evidence of Kv4.2 internaliza-
tion in response to NMDAR activation
as presented by the authors is clear,
persuasive, and exciting. The contri-
bution of this novel process to LTP is
sure to excite additional work in order
to iron out differences between the
present study and previous work. For
example, Frick et al. (2004) used on-
cell patch recording to study dendritic
IA before and after LTP induction in
ex vivo hippocampal slices. They re-
ported that the voltage dependence
of channel inactivation was altered
slightly, reducing channel availability,
but they did not report any evidence
consistent with internalization. Cla-
thrin-mediated endocytosis is thought
to underlie internalization of AMPARs
in long-term depression (Man et al.,
2000). It will be a challenge to deter-
mine how the cell sorts its plasma
membrane proteins after LTP induc-
tion so that Kv4.2 channels are
internalized, but not AMPARs. Finally,
it will be interesting to determine
whether depotentiation restores IA
and spine Kv4.2 channels. If not, then
the authors’ hypothesis makes a clearFindingOurWaya
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Our understanding of how senso
increasingly sophisticated. In this
show that the initial changes in s
whereas the later eye speed is de
Conventional wisdom once held that
sensory-motor processing for sac-
cadic and pursuit eye movements
might be explained by a relatively
straightforward pair of transforma-
tions. On the one hand, saccades
involve transforming signals about the
locations of stimuli into the bursts of
852 Neuron 54, June 21, 2007 ª2007 Elsprediction that depotentiation should
be greater at 80 mV than at
60 mV. There is nothing like an excit-
ing result and a good controversy to
send the LTP crowd rushing to their
rigs!
An often neglected finding is that
strong correlated activity not only
potentiates excitatory synaptic trans-
mission itself, but it also results in a
potentiation of the ability of a given
amount of synaptic excitation to in-
duce action potentials in the postsyn-
aptic cell (Andersen et al., 1980). Like
the synaptic component of LTP, this
phenomenon, known as potentiation
of excitation-spike coupling, is
NMDAR dependent, input specific,
and bidirectional (Daoudal et al.,
2002). The internalization of Kv4.2
and decrease in IA described by Kim
et al. would seem to be consistent
with descriptions of changes in EPSPs
after LTP (Abraham et al., 1987) and
therefore offers an attractive explana-
tion for potentiation of excitation-spike
coupling. Kim et al. have shown us that
IA is in play—let the follow-up experi-
ments begin!round theSenso
fed1
stitute for Biological Studies, La Jolla, CA 9
ry information is transformed int
issue of Neuron, Wilmer and Na
mooth-pursuit eye speed are driv
termined by high-level signals.
motor activity needed to quickly redi-
rect the eyes toward these stimuli. On
theother hand, pursuit eyemovements
are generated by a different set of
transformations that convert signals
about visual motion into the motor
commands that smoothly rotate the
eyes. Although these types of transfor-
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o motor commands has grown
kayama use a novel analysis to
en by low-level motion signals,
mationsare still viewedas fundamental
steps in turning the sensory-motor
corner for eye movements, the overall
process is considerably more compli-
cated (see Figure 1). The pursuit and
saccadic systems do not operate in-
dependently, but instead they interact
with each other and are also linked to
